Purpose: To report the presence of normal limbal epithelium detected by in vivo confocal laser scanning microscopy (IVCM) in 3 cases of clinically diagnosed total limbal stem cell deficiency (LSCD).
T he epithelium of the ocular surface is maintained by the limbal stem cells (LSCs), which reside in the limbus. [1] [2] [3] LSCs and their progenitor cells are responsible for normal epithelial repair. The limbus serves an additional purpose as a barrier to prevent migration of the conjunctival epithelium. Dysfunction and/or loss of the LSC population will lead to limbal stem cell deficiency (LSCD). [4] [5] [6] Etiologies of LSCD include Stevens-Johnson syndrome, chemical burns, thermal burns, chronic contact lens wear, chronic infectious keratitis, and multiple ocular surgeries. 5 The hallmark of LSCD is the presence of conjunctival cells on the corneal surface. Overlapping findings from other ocular surface conditions complicates diagnosis of LSCD. The standard diagnostic test of LSCD is impression cytology that detects goblet cells on the cornea. 7 However, false-negative impression cytology results often occur in conditions with concomitant goblet cell deficiency such as Stevens-Johnson syndrome and chronic topical glaucoma medication use. 8 Improvements in live imaging of the ocular surface using in vivo confocal laser scanning microscopy (IVCM) have allowed new methods of assessing the health of the ocular surface at the cellular level. The morphology of corneal and limbal epithelium detected by IVCM has been well described previously in the literature as cells with distinct hyperreflective borders and dark cytoplasm and without easily visible nuclei. [9] [10] [11] [12] Changes in tissue and cellular architecture of the corneal and limbal epithelium have been well characterized in LSCD patients. [13] [14] [15] Representative images of corneal and limbal epithelium of the normal eye and of an eye with total LSCD are shown in Figure 1 .
Total LSCD is defined by a 360-degree involvement of the ocular surface, implying complete dysfunction or absence of LSCs. The corneal surface is completely conjunctivalized, which presents clinically as recurrent and/or persistent corneal epithelial defect, irregular and opaque epithelium, loss of normal limbal structures, and absence of the palisades of Vogt with or without vascularization of the cornea. Diagnosis of total LSCD is largely based on clinical presentation and confirmed by impression cytology. In this study, we report the presence of normal limbal epithelial cells detected by IVCM in 3 cases of total LSCD defined by clinical presentation. This study was approved by the Institution Review Board at the University of California, Los Angeles (IRB# 10-001601).
CASE PRESENTATION

Case 1
A 68-year-old woman with a history of severe bilateral chemical burn at birth by 10% silver nitrate was referred for the management of a persistent nonhealing ulcer of the left eye. She had 2 failed penetrating keratoplasties (PKP) in the left eye and 1 PKP in the right eye. She was pseudophakic in both eyes and had secondary glaucoma on multiple topical medications at the time of consult. She complained of sharp shooting pains in the left eye.
On examination, her best corrected visual acuity (BCVA) was 20/300 in the right and hand motion in the left eye. Intraocular pressure (IOP) was 16 on the right and 22 on the left by tonopen. The PKP had mild stromal edema and stromal haze on the right. There was superficial corneal neovascularization from 2 to 8 o'clock. No epithelial defect or infiltrate was present. The left eye presented with an opaque and edematous graft with 360 degrees of superficial and deep corneal neovascularization ( Fig. 2) . A central epithelial defect measuring 1 · 3.3 mm was present. Diagnosis of total LSCD was made in the left eye and partial LSCD in the right eye based on clinical examination. She was treated with topical 0.3% gatifloxacin 4 times daily and aggressive lubrication. The epithelial defect healed eventually. Subsequent corneal impression cytology showed goblet cells in the superior nasal quadrant of the left eye and confirmed the diagnosis of LSCD. She underwent Boston type 1 keratoprosthesis and simultaneous Ahmed shunt implantation for the left eye. Her visual acuity (VA) improved to 20/400, which was her BCVA after her first PKP.
Four days before the combined procedure, IVCM of the left eye was performed on the central cornea and 4 locations of the limbus: superior, nasal, temporal, and inferior quadrants. IVCM of the superior limbus, nasal limbus, and inferior limbus detected clusters of limbal epithelial layers that consisted of normal superficial, wing and basal layer (Fig. 2) . The cells were of normal limbal morphology: small cell size, dark cytoplasm, and distinct cell-cell borders in a regular pattern. These limbal epithelial cells seem smaller in the superior limbus with minimal heterogeneity. Limbal epithelial cells in the nasal limbus seem to have greater variety in cell size and shape. Areas of typical conjunctival cells and significant subepithelial fibrosis were observed in many locations on the limbus.
Case 2
A 47-year-old man with a history of bilateral alkaline chemical burn more than 20 years ago who underwent transplantation of a keratolimbal graft to his left eye 7 years earlier was initially referred for management of the failed keratolimbal graft. The graft failed 12 months after the initial transplantation. He had no history of ocular surgery on his right eye.
On examination of the right eye, the VA was counting fingers. There was 360 degrees of neovascularization of the peripheral cornea. The central cornea was hazy ( Fig. 3 ). Impression cytology could not be performed on the patient because of patient intolerance.
On IVCM, cells typically representing the morphology of normal cornea and limbal epithelial are observed (Fig. 3) . The central wing cell layer shows cells with clear bright borders, dark cytoplasm, and small bright nuclei in the center. The central basal layer shows similar cells with smaller diameters in addition to the presence of a subbasal nerve. The superior and inferior limbal basal cell layer also show the presence of patches of normal basal epithelial cells. Few dendritic cells are observed in these frames of the epithelium. No typical structure of palisade of Vogt was present. A couple of atrophic stromal cords were observed.
Case 3
A 48-year-old man with a history of bilateral alkaline chemical burn 1.5 years ago presented to the clinic with decreased vision. He had amniotic membrane transplant in both eyes after injury. On examination of the left eye, BCVA was counting fingers and the IOP was normal. Corneal neovascularization was present in 360 degrees with greater extension in the inferior and superior quadrants (Fig. 4) . Extensive fibrosis and central haze were noted with minimal superior sparing of the cornea. Impression cytology was negative for goblet cells on both cornea and conjunctiva.
On IVCM, central corneal frames demonstrate some cellular architecture similar to normal appearing epithelium ( Fig. 4) . Groups of polygonal cells with distinct borders and dark cytoplasm can be appreciated in these central corneal images. Image frames of the superior limbus demonstrate characteristic cells of normal epithelium as described previously but larger in diameter compared with corneal epithelial cells. Additionally, palisade of Vogt structures can be identified with consistently regularly shaped epithelial cells between those structures.
DISCUSSION
The current diagnosis of LSCD mainly relies on clinical examination and can be confirmed by impression cytology. However, even when conjunctival goblet cells cannot be detected on impression cytology, LSCD cannot be excluded. Additionally, impression cytology cannot quantify the degree of LSCD because of sampling bias. The normal corneal epithelium has tight junctions, and it is difficult to obtain corneal epithelial cells by impression cytology. 8 The conjunctival epithelium is loosely adhered and the yield of the sampling is higher. Therefore, absence of the corneal epithelial cells on the impression cytology does not confirm the absence of these cells on the ocular surface. A staging system to quantify the degree of LSCD is not yet established. In recent years, IVCM has been used to evaluate LSCD and attempt to detect goblet cells on cornea. 13 Several reports have further demonstrated that the subbasal nerve plexus, corneal and limbal basal cell density, and epithelial thickness correlate with the degree of LSCD. 16, 17 These quantifiable parameters could be used to stage the degree of LSC function or deficiency.
The current study shows that there are normal limbal epithelial cells and corneal epithelial cells in eyes that clinically present with signs of total LSCD. This finding confirms that clinical examination is not sufficient to accurately determine the degree of LSCD. However, the prevalence of the existence of normal limbal epithelial cells in clinically total LSCD is unknown. This is because of the limitations of the current study. Only 4 locations of the limbus were imaged, and this accounted for less than one third of the total limbal areas. Whether there were normal limbal epithelial cells in other locations is unknown. In addition, limbal epithelial cells could be hidden in limbal lacunae in the deep limbal stroma and difficult to detect. 18 A larger study to obtain images of the entire limbal region would be necessary to investigate the prevalence of normal limbal epithelial cells in these eyes clinically present with total LSCD.
It is important to differentiate between total LSCD and severe LSC dysfunction, in which the proliferation rate is not enough to compensate for epithelial turnover. Clinically, it is extremely difficult to differentiate between deficiency and dysfunction because both can lead to irregular epithelium, staining, and persistent epithelial defects. However, IVCM could play a role in identifying histologic and structural conservation of structures such as remains of normal limbal and corneal epithelium. Correlation with the clinical picture and history may aid in distinguishing these 2 entities.
Total LSCD represents an end-stage disease, in which restorative vision interventions are limited to keratoprosthesis or LSC transplantation in the form of keratolimbal graft or cultivated LSCs in humans. [19] [20] [21] [22] [23] [24] Determining the degree of LSCD is crucial for appropriate patient management. In patients with partial LSCD, LSC transplantation might not be necessary and perhaps medical management with or without amniotic membrane transplantation might be sufficient to avoid complications associated with keratoprosthesis and LSC transplantation.
An accurate determination of the amount of LSCs is also necessary to evaluate the treatment outcome correctly. Several reports show that the donor cells were no longer detected despite successful reconstruction of a normal corneal epithelium in successful allogeneic LSC transplantation. 25, 26 Only the recipient corneal epithelium was found in more than 50% of the limbal transplants tested. This observation suggests that the recipient LSCs were regenerated to a sufficient amount to repopulate the entire corneal surface. In light of the findings of our current study, it is possible that there might be residual LSCs in these eyes that were clinically classified as total LSCD. The transplanted donor LSCs and/or their niche cells in the case of keratolimbal graft might provide the necessary trophic factors to revive the residual recipient LSCs and promote their self-renewal. Therefore, in eyes with a sufficient amount of residual LSCs, removal of pannus and scar tissue combined with providing trophic factors might be a sufficient treatment modality. However, in eyes that do not have a sufficient amount of LSCs, replenishment of LSCs by transplantation would be necessary. Concomitant transplantation of niche cells might be also required to ensure the survival of the transplanted LSCs.
Because of the challenge of confirming whether there are residual LSCs in eyes presenting with clinical signs of total LSCD, caution should be taken in the interpretation of results from the experimental data in animal models as well. Non-LSCs, such as mesenchymal stem cells, have been suggested to be capable of reconstructing a corneal epithelial surface in animal models of LSCD. 27 It has been shown that mesenchymal cells can serve as feeder cells in vitro for the expansion of LSCs. 28, 29 These mesenchymal cells provide factors for the successful propagation of LSCs. If there are still residual LSCs, it is possible that the transplanted mesenchymal cells provide trophic factors to revive the residual LSCs but not because of transdifferentiation.
In summary, normal limbal epithelial cells and corneal epithelial cells could exist in eyes with clinical signs of total LSCD. Diagnosis and classification of LSCD by clinical examination and the presence of goblet cells is not sufficient. IVCM seems to be a more accurate tool to assess the degree of LSCD.
